Abstract In this work, the laser induced plasma plume characteristics and surface morphology of Pt-and Ag-ion deposited silicon were studied. The deposited silicon was exposed to cumulative laser pulses. The plasma plume images produced by each laser shot were captured through a computer controlled image capturing system and analyzed with image-J software. The integrated optical emission intensity of both samples showed an increasing trend with increasing pulses. Agion deposited silicon showed higher optical emission intensity as compared to Pt-ion deposited silicon, suggesting that more damage occurred to the silicon by Ag ions, which was confirmed by SRIM/TRIM simulations. The surface morphologies of both samples were examined by optical microscope showing thermal, exfoliational and hydrodynamical sputtering processes along with the re-deposition of the material, debris and heat affected zones' formation. The crater of Ption deposited silicon was deeper but had less lateral damage than Ag-ion deposited silicon. The novel results clearly indicated that the ion deposited silicon surface produced incubation centers, which led to more absorption of incident light resulting into a higher emission intensity from the plasma plume and deeper crater formation as compared to pure silicon. The approach can be effectively utilized in the laser induced breakdown spectroscopy technique, which endures poor limits of detection.
Introduction
High power laser matter interaction induces the strong excitation of the material, which instantaneously results in plasma formation. The processes at the material surface that lead to plasma formation can be adequately elucidated either due to heating of the material (thermal processes) or direct bond breaking (nonthermal processes) by laser interaction [1] . The process of material removal by the action of laser light is termed as pulsed laser ablation (PLA). PLA, a widely adaptable technique for basic and applied fields, is being successfully used for the fabrication of high quality thin films [2, 3] , ion sources for accelerators [4] , material's patterning [5, 6] , medical applications such as ophthalmology, angioplasty, and cellular microsurgery [7] , synthesis of nanoparticles [8, 9] , cleaning of contaminated surfaces [10, 11] , trimming [12] , and finding major and minor trace elements in solid materials [13] .
Laser plasma is additionally heated and energized by further laser absorption occurring within the plume due to inverse Bremsstrahlung and direct single photon absorption processes, which are dominant in nanosecond 1064 nm laser plasma interaction [14] . The plasma state upon recombination, de-excitation and Bremsstrahlung processes emits a luminous ellipsoidal shaped plasma plume comprising intense electromagnetic radiations, especially visible, ultraviolet, soft and hard X-rays. The meticulous analysis of emitted radiations leads to many applications such as laser induced breakdown spectroscopy [15] . If the material having a wide band gap is not highly absorbing at the laser wavelength or the LIBS technique, which experiences poor detection limits, it is suggested in the present work that the optical emission intensity can be enhanced by ion irradiation/deposition of the material prior to laser ablation.
In the present work, Pt-and Ag-ions were deposited on silicon surface to produce a significant defect density inside silicon as evidenced by SRIM/TRIM simulations [16] . Then laser ablation was performed on iondeposited silicon with an increasing number of pulses. Plasma plume photographs were taken at each laser shot and the optical emission intensity was measured with the help of the image-J software. The ablated depth as a function of the number of laser pulses was also plotted.
Experiment
Experimental work comprised of two main steps. First, the Pt-and Ag-ion deposition on n-type single crystal silicon (1 1 1) surface, and second, the repetitive pulsed laser irradiation of Pt-and Ag-ion deposited silicon.
In the first step, the passive Q-switched Nd:YAG laser (λ = 1064 nm, E = 10 mJ, τ = 12 ns, ν = 0.5 Hz) was focused through an IR-transmitting lens with a focal length of 10 cm at an angle of 45
• onto 99.999% pure Pt and Ag targets one by one in a vacuum chamber which was kept at high vacuum ≈5 × 10 −6 mbars. When laser interacted with the metal surface, a plasma plume was formed. Due to the forward peaking of the plasma, the ions from the plasma moved away normal to the target surface and impinged on the silicon substrate of a size of 10 mm×10 mm×0.6 mm kept 30 mm away from the metal target surface. 2000 laser pulses were applied onto the metal target surface for deposition on silicon. The metal surface was rotated and translated to circumvent the non-uniform ablation. Five samples of silicon were exposed to ions of each metal.
In the second step, laser ablation of Pt-and Ag-ion deposited silicon was performed at room temperature in air. For this purpose, the same laser was utilized to expose ion deposited silicon. The laser was focused to a spot diameter ≈ 400 µm (experimental value) where the laser peak intensity was calculated to 0.1 GW/cm 2 . The schematic diagram is shown elsewhere [17] . The laser was irradiated at ten different spots on five ion deposited samples with two spots on each sample. The number of shots was varied from 5 to 50 on ten different spots by an increment of 5 shots on each spot.
The plasma plume images of Pt-and Ag-ion deposited silicon were captured at each spot with the help of a computer controlled image capturing system. A total of 275 images were captured for each sample and analyzed through the image-J software. From the images, the integrated emission intensity was measured and plotted as a function of the increasing laser pulses. The surface morphologies of Pt-and Ag-ion deposited silicon were also investigated through a CCD fitted optical microscope. The ablated depth of each spot was also measured on both samples as a function of the increasing number of laser shots.
Results and discussion
Plasma plume images were captured through a CCD based computer controlled image capturing system and analyzed using the image-J software. A typical image of the laser plasma plume is shown in Fig. 1(a) . The pseudo-colored image on the right upper corner shows various intensity regimes within the plasma plume where the central bright portion shows the maximum intensity which decreases towards the edges of the plume. Different intensity zones imply different regions exhibiting plasma density and temperature gradients.
Such intensity variations along the line in Fig. 1(a) are shown in Fig. 1(b) where one pixel is equal to a distance of 0.7 mm. The intensity profile in our work is in accordance with the work reported in Ref. [18] . The integrated emission intensity of Pt-and Ag-ion deposited silicon was measured as a function of laser pulses and compared also with our previous work [17] with pure silicon in Fig. 2 . The neutral density filters were used to avoid saturation of the detector. The data points of the integrated emission intensity were obtained from the reduced intensity profiles. The linear fitting of the data was also performed, showing a correlation coefficient of 0.81 for the Pt-ion deposited silicon data and 0.69 for Ag-ion deposited silicon data and depicting a well linear trend. It is evident from the results that the integrated emission intensity of Ptand Ag-ions deposited silicon concomitantly increases with cumulative laser pulses. The increased integrated emission intensity of ion deposited silicon as compared to virgin silicon is attributed to the fact that the ion deposited silicon samples exhibit higher absorption of the incident laser light. For a better understanding of the ion irradiation effects, computer simulations were performed via the TRIM/SRIM program. For this purpose, the interaction of one light hydrogen (H) ion and two heavy ions Pt-and Ag-at an energy of 75 keV was performed with a 100 nm thick silicon surface. The total number of ions was chosen to be 2000 for each simulation. The backscattering of ions was insignificantly low and the sputtering yield of the target material was almost nil at this energy. The interaction of H, Pt, and Ag ions with silicon is shown in Fig. 3 . The light H ions had a little interaction with the silicon surface and most of the ions were transmitted with a little scattering and hence less damage as shown in Fig. 3(a) . The simulation of interaction of Pt ions with the silicon surface is shown in Fig. 3(b) , which illustrates the strong interaction between the ions and target producing a high number of defects in silicon. All the Pt ions were implanted. The simulation of interaction of Ag ions with silicon is shown in Fig. 3(c) , which reveals that all the Ag ions are also implanted. It is evident from the simulation results that Ag ions go deeper inside the silicon surface and higher scattering causes a higher defect density than that of Pt ions.
Ion irradiation and deposition of virgin silicon lead to the accumulation of several kinds of defects such as vacancies and interstitials (non-ionizing damage) in the silicon lattice known as incubation centers. The production of such defects changes the optical properties of silicon, resulting into higher absorption of incident laser light. The greater absorption of laser light eventually results in an increase in the surface temperature, converting more material to vapour and plasma state. Consequently, additional de-excitation, recombination and Bremsstrahlung processes in the plasma state occur, the outcome of which is the formation of a more luminous plasma. In our case, the emission intensity at first laser shot in the case of Pt-and Ag-ion deposited silicon is 1.41 times and 1.61 times higher than that of pure silicon. Ag-ion deposited silicon shows a higher integrated intensity than that of Pt-ion deposited silicon, suggesting more damage occurring in silicon due to Agions as depicted by the simulation results in Fig. 3(c) . At the 50th shot, the plasma plume integrated intensities of Pt-and Ag-ion deposited silicon are 1.7 times and 1.73 times higher than that of a single shot of pure silicon. The plasma plume length of Pt-and Ag-ion deposited silicon was also investigated as a function of laser pulses. The plasma plume lengths of Pt-and Ag-ion deposited silicon are 74 mm and 80 mm respectively at the first shot, higher than that of pure silicon (71 mm). As the number of laser shots increases, the plume length slightly decreases and stagnates to 68 mm and 72 mm for Pt-and Ag-ion deposited silicon respectively. Due to ion irradiation, the defect states arise into silicon, leading to more laser absorption, and hence a plasma plume of a bigger size is created. The decrease in the plume size for subsequent pulses is attributed to the crater formation at the silicon surface. Due to the crater formation, most of the laser energy, after converting to heat energy, is conducted into the bulk of the material. Therefore, the laser pulse energy is not completely utilized, resulting into a shorter plasma plume length. Fig. 4 (a) and (b) show optical micrographs of the laser ablated Pt-and Ag-ion deposited silicon samples respectively. Both micrographs indicate strong material removal from the center of the laser spot and crater formation, which is in contrast to our previous work [17] where the Laser Induced Periodic Surface Structure (LIPSS) was formed under the same conditions of laser ablation. This can be explained as follows: Firstly, Ag and Pt impurities enhance the absorption of the 1064 nm laser at the silicon surface; secondly, the absorption coefficients of Pt and Ag are approximately four orders of magnitude higher than that of silicon at the 1064 nm wavelength, which plays a key role in the higher absorption of laser and results in the crater formation. The 3D plots of Fig. 4(a) and (b) are shown together in Fig. 4(c) , which manifests that the laser penetrates deeper inside Pt-ion deposited silicon (left plot in Fig. 4(c) ) than Ag-ion deposited silicon (right plot in Fig. 4(c) ). Laser produced heat is conducted more at the surface of Ag-ion irradiated silicon. Therefore, the crater width of Ag-ion deposited silicon is greater than that of Pt-ion deposited silicon. The repetitive irradiation of ion deposited silicon with increasing laser pulses leads to the accretion of thermal and non-thermal stresses, volume changes, and defect formations, which leads to the removal of material by thermal, electronic, exfoliation and hydrodynamic sputtering processes. These effects can be seen at the center of the crater. The ablated depth was measured by the z-height profile from the software of optical microscopy as well as by using the image-J software after calibration. Each data point of the ablated depth is the average of five measurements. It is evident from the figure that the ablation depth increases for Pt-and Ag-ion deposited silicon with an increasing number of laser pulses. The comparison shows that ion deposited silicon exhibits a greater ablated depth than pure silicon, again due to the incubation effects. Another observation is that the ablated depth for Pt-ion deposited silicon is greater than that of Ag-ion deposited silicon. As Ag-ion deposited silicon has a wider crater, it has more chances to emit a more intense plasma plume as shown in Fig. 2 . When laser goes deep inside the crater, the intensity is lost into the walls of that hole and the emission intensity appears to be smaller in the case of Pt-ion deposited silicon. 
Conclusions
It is concluded from the present work that the optical emission intensity of the laser produced plasma plume of ion deposited silicon is higher as compared to virgin silicon. Ag-ion deposited silicon shows a higher emission intensity than Pt-deposited silicon when repetitive pulse irradiation is performed. Ion irradiation induces incubation centers, which are responsible for higher absorption and in turn greater optical emission intensity from the laser plasma plume. Laser penetrates more in Pt-ion deposited silicon, and hence has a larger ablated depth than Ag-ion deposited silicon. Heat energy is conducted more at the surface than depth for the Ag-ion deposited sample. Our results of the optical emission intensity and ablated depth are in accordance with the literature [18∼20] . The results are highly beneficial for the situation where materials are not highly absorbing at laser wavelength or exceed the sensitivity limitations of LIBS.
